Background: Ultrasonographic appearance of the gastrointestinal (GI) tract of equine neonates has not been completely described.
A bdominal ultrasonography is a commonly used, noninvasive imaging modality that can assist in the evaluation of equine neonates with clinical problems such as abdominal pain, abdominal distension, nasogastric reflux, diarrhea, and sepsis. [1] [2] [3] During evaluation of horses with gastrointestinal (GI) disease, sonographic evaluation of echogenicity, wall thickness, contents, and motility of the GI tract provide useful information to determine diagnosis, prognosis, and treatment, and to monitor response to treatment. [3] [4] [5] [6] [7] Ultrasonographic anatomy of the abdomen of normal foals has been previously described. 8 However, some potentially relevant aspects such as intestinal wall layering patterns, characteristics of specific intestinal segments, blood flow within the intestinal wall, motility in the nonsedated foal, or the variability in wall thickness measurements have not been explored.
Assessment of intestinal motility is a valuable component of the sonographic evaluation of a horse with GI disease and is affected by sedatives. [9] [10] [11] Opioids and alpha-2 adrenergic drugs are expected to decrease intestinal motility in foals, whereas the effect of benzodiazepines could be the opposite, based on its effects in other species. 10, [12] [13] [14] To the best of our knowledge, sonographic evaluation of GI motility of nonsedated foals has not been described.
Sonographic evaluation of GI blood supply correlates with histology and outcome in human neonates and allows the differentiation of focal from diffuse necrosis in the setting of necrotizing enterocolitis. [15] [16] [17] Color flow Doppler is useful in pediatric patients to quantify intestinal blood flow and to identify increased or decreased vascularity associated with inflammation or bowel necrosis, respectively.
18, 19 The use of color flow Doppler to assess intestinal wall vascularity in foals has not been described.
The initial objectives of the study were to (1) describe echogenicity, wall thickness, motility, contents, and color flow Doppler signal of the different GI segments of normal nonsedated equine neonates and (2) describe the intra-and interobserver variation in wall thickness measurements. We also describe the sonographic appearance of intussusceptions in normal neonatal foals, and compare the age, GI wall thickness, small intestinal motility, and presence of meconium between the foals with and without asymptomatic intussusceptions.
Materials and Methods
The study population consisted of a convenience sample of normal Standardbred neonates on a large breeding farm, born during the 2012 season. Foals were eligible and defined as normal if they had a normal gestational duration between 320 and 360 days, were born to a healthy mare, had an uncomplicated delivery, the placenta was judged to be normal by the farm veterinarian, were <7 days of age, had a normal physical examination, and an IgG plasma concentration >800 mg/dL a at 24 hours of age. A follow-up phone call 6 months after the ultrasound examinations was used to determine if foals had subsequently exhibited signs of GI disease. The appropriate Institutional Animal Care and Use Committee approved the study.
Foals were restrained and the ventral abdomen was clipped from the xiphoid to the inguinal region and laterally to the costochondral junctions using a #40 blade. The clipped region was cleaned with alcohol and ultrasonic coupling gel applied. Foals were allowed to nurse until the time of the examination. Foals were not sedated before or during the examination.
The ventral abdomen was scanned stall-side with the foal manually restrained in standing position and using portable ultrasound equipment.
b All sonograms were performed by one of the authors. The time used to perform the sonographic examinations was recorded. A wide band-width 7.0 MHz (3.0-10.0 MHz) convex array transducer was used to perform a survey of the abdomen to evaluate location, motility, and intestinal contents. Three still images and 3 clips of 3 seconds duration of each segment of the GI tract (stomach, duodenum, jejunum, small colon, cecum, and colon) were saved digitally on the ultrasound machine. All images were saved at the highest frequency that allowed visualization of the viscus being evaluated. The stomach was located in the ventral abdomen by identifying the presence of rugae and its relationship with adjacent viscera. 1, 8 The duodenum was identified between the ventral aspects of the right lobe of the liver and the right dorsal colon or ventral to the right kidney. 8 The jejunum was identified as intestine with a rounded appearance in different locations than the duodenum but with a similar luminal diameter and longer mesentery. The ileum was identified by the characteristic thicker appearance of the muscularis layer and the presence of a thin hyperechoic line in the center of the muscularis layer corresponding to connective tissue separating the longitudinal and circular muscular layers. 1 The cecum was identified in the right ventral paralumbar fossa and ventral abdomen by its location and relationship with the cecal vasculature, visualization of the cecal apex and by its relationship with the right colon. The right dorsal and ventral colon was identified medial and ventral to the right lobe of the liver. [20] [21] [22] The small colon was identified by observing intestine with a sacculated appearance dorsal to the bladder. 1 A wide band-width 7.5 MHz (6.2-11.0 MHz) linear array transducer was used to obtain high resolution images of the bowel wall for each segment of intestine. These images were used for measuring intestinal wall thickness and to assess the layering pattern. Three images of highest quality for each segment of intestine were digitally stored for measuring wall thickness. Two of the authors, independently and blinded, measured wall thicknesses using the linear measurement function imbedded in the ultrasound equipment software. Wall thicknesses were measured by placing the cursors at the outer edge of the serosal surface and at the mucosal to GI contents interface. Measurements were not obtained where there was folding or contraction of the intestinal wall, or where meconium was present.
Distinct layering of the GI wall was defined as presence of alternating hypoechoic and echoic layers. 23 The number of layers observed was recorded. Motility of each intestinal segment was evaluated by the ultrasonographer throughout the examination and was categorized as continuous, intermittent, or absent. Continuous motility was defined as continuous rhythmic contractions. Intermittent motility was defined as the presence of rhythmic contractions followed by periods of absent contractions. Intestinal segments were categorized as having absent motility if there were no visible intestinal contractions.
Gastrointestinal contents were classified based on the luminal pattern (fluid, gas, mucous, or alimentary) as previously described. 1, 24 A mucous pattern is the appearance of the bowel segment in a collapsed state and with echogenic contents (without acoustic shadowing). A fluid pattern is the presence of anechoic or hypoechoic luminal contents. A gas pattern appears as a hyperechoic interface with acoustic shadowing. The alimentary pattern was subdivided into meconium or milk. Meconium was hypoechoic and speckled with a ball or log-like shape. Milk was defined as echogenic fluid or fluid with mixed echogenicity with larger echogenic accumulations consistent with milk clots. 1 Color flow Doppler interrogation was performed using a wide band-width 7.5 MHz (6.2-11.0 MHz) linear array transducer. The initial color flow Doppler settings were adapted from those used in an earlier study of human neonates. 16 From these settings, the pulse repetition frequency was lowered until the flow signal or aliasing was observed. Velocity was initially set at 0.11 m/s and decreased progressively. Doppler gain settings were increased until maximal Doppler signal or flash artifacts were observed.
Because of the recognition of small intestinal intussusceptions, three of the authors independently and blindly reviewed the digitally saved images and clips. The authors had different levels of experience, ranging from 6 months to 30 years of ultrasound experience. Intussusceptions were identified in cross-section if intestine with a classically described target-like or doughnut appearance was observed, and in longitudinal section when the classically described sandwich sign was observed. [25] [26] [27] [28] [29] One of the authors (MA) measured wall thickness of the intussusceptum and the intussuscipiens for each foal.
Statistical Analysis
Results for wall thicknesses were reported as mean and standard deviation. Intraobserver variation in wall thickness measurements was assessed by calculation of the coefficient of variation (CV). Interobserver variation was assessed using the method described by Bland and Altman. 30 Interobserver bias for each segment of bowel was calculated as the mean difference between the 2 observer's measurements for each image, and the limits of agreement were calculated as a AE1.96 9 s, where s is the standard deviation of the bias. Interobserver bias for wall thickness was tested for significance using two-way analysis of variance with repeated measures. A 95% predictive interval (reference range) using the combined measurements for observer A and B was calculated for each bowel segment, by calculating the population standard deviation (SD) using the subject SD, and multiplying by the one-tailed 97.5% t n-1 quantile for the Student's t distribution, where n À 1 is the number of degrees of freedom for the number (n) subjects in the study. Age and gastrointestinal thicknesses for foals with and without intussusceptions were compared using Student's t-test. The presence of meconium and motility category was compared in foals with and without intussusceptions using Fisher's exact test. A value of P < .05 was used to determine significance and only foreseen associations were tested. Wall thickness measurements between the intussusceptum, intussuscipiens, and average jejunal measurements were compared using analysis of variance for repeated measures, with Tukey's test used for posthoc comparisons.
Results
Eighteen foals were enrolled in the study. Ten were male and 8 were female. Fourteen were less than 24-hour old, 3 foals were 1-day old and 1 foal was 5-day old. None of the foals had signs of abdominal discomfort or required treatment for GI disease in the 6 months after the examination. The echogenicity, wall thickness, motility, and contents of the different GI segments are described in Table 1 and images are shown in Figures 1, 2 . Wall layering was not observed in the jejunum (Fig S1) or duodenum of any foal, but was present in the stomach, colon, cecum, and small colon. Duodenal motility was intermittent, whereas jejunal motility was continuous or intermittent. We were unable to obtain diagnostic images of large intestinal motility or color flow Doppler in any gastrointestinal segment in any foal. Small colon wall thickness was not measured as it was not clearly identified in 11/ 18 foals and in the other 7, meconium was present within it. The intraobserver CV, the bias in interobserver variability for wall thickness measurements and the reference ranges for each bowel segment are reported in Table 2 . Interobserver bias in wall thickness measurements was not significant with the exception of interobserver variability in stomach (0.14 mm, P < .05) and duodenum (0.29, P < .05).
In 10/18 foals, jejuno-jejunal intussusceptions were identified (Fig 2) . Intussusceptions were identified by the sonographer during the ultrasound examination, and confirmed in at least 2 digitally stored still images and 1 video clip from each case by 3 investigators reviewing the images. There was no difference in age, intestinal wall thicknesses, duodenal or jejunal motility or presence of meconium between foals with and without intussusceptions ( Table 3 ). The intussuscipiens was significantly (P < .01) thinner (1.9 AE 0.1 mm) than the normal jejunum (2.5 AE 0.1 mm). There were no differences between normal jejunal measurements and the intussusceptum (2.6 AE 0.9 mm). None of the measurements were over the upper end of the reference range described for the overall population (3.1 mm) and in 4 cases, the intussuscipiens was 0.1-0.2 mm thinner than the lower end of the reference range for the general population (1.9 mm). In 1 foal, the appearance of the duodenum was suggestive of a pyloric-duodenal or duodeno-duodenal intussusception: the wall of the duodenum was hypoechoic to echoic without distinct layering and a section of the wall appeared to invaginate into the lumen or be thickened (5.2 mm). This diagnosis was not suspected at the time the ultrasonographic examination was performed and additional images or loops were not available for review. This foal was clinically normal.
Discussion
This study investigated a number of sonographic variables of the gastrointestinal tract in nonsedated foals that had not been previously described, including wall layering, wall thickness, interobserver variability in wall thickness measurements, and a qualitative description of motility. The use of color Doppler to assess mural blood flow was attempted but not possible. This is the first report of asymptomatic intussusceptions in neonatal foals. We describe the sonographic appearance of asymptomatic intussusceptions and compare age and sonographic finding in foals with and without intussusceptions.
Equine neonates showed distinct layering of the stomach and large intestine, and indistinct layering of the small intestine. Rapid changes occur in the first days of life, including marked changes in total and relative thickness of the different histologic layers with the muscularis layer changing quantitatively the most in this period. 31, 32 The reason why the layering of the stomach and large intestine was distinct in all cases, but not in any case for the small intestine, is uncertain. Perhaps the detail of the images was not sufficient or the frequency of the transducers was too low. Higher frequency (up to 20.0 MHz) transcutaneous or transendoscopic transducers have been used to allow detailed description of normal adult human GI wall layering. 23, 33 This, however, would not explain the differences in layering recognition between different intestinal segments. The effects of early postnatal maturation on the sonographic appearance of the GI tract in any species have not been reported. Different patterns of abnormal intestinal wall echogenicity have been shown to correlate with specific disease processes in children with colitis. 34 Histologic to sonographic correlation in foals with GI disease could be useful in equine neonatal medicine. 34 Wall thicknesses obtained in this study are largely consistent with previous literature 8 with the exception of the stomach (mean is 1 mm thicker than previously reported). Small magnitude differences that have questionable clinical significance were also seen when comparing measurement ranges for each region of the GI tract between the 2 studies (upper end of the range for jejunal measurements was 0.8 mm thicker than previously reported for small intestinal wall measurements). The studies are different in the sonographic windows used (ventral abdomen versus full abdomen), breed distribution (Standardbreds versus heterogenous population), equipment, ultrasonographers, and administration of sedation (nonsedated foals versus different sedation protocols). Any or a combination of these factors could be responsible for the small magnitude variation. The specific reference ranges for different small and large intestinal segments had not been previously described in equine neonates. Interobserver bias was significant for gastric and duodenal wall thicknesses. Despite the statistical significance, the overall bias (Table 2 ) is unlikely to be clinically significant. In adult horses, the reported interobserver variability is overall larger than in neonates and highest for cecal measurements (0.7 mm). 20 The differences in interobserver variability between segments of the GI tract between adults and neonates could be because of differences in development, contents, or the better image quality allowed by the thin body wall.
Because of the movement of nonsedated foals (foal activity and rapid respiratory motion), quantification of GI motility (contractions/unit of time described in the literature for adult horses) was not attempted. 35, 36 A qualitative description, as described in a previous study in equine neonates, was chosen. 8 In the study reported here, small intestinal motility was intermittent or continuous, whereas it had been described as uniformly continuous in a previous study. 8 The differences could be because of effects of sedation in the previous study, the subjective impression of the operators, or the fact that jejunal and duodenal motility were assessed separately in the current study.
Finding jejuno-jejunal intussusceptions in 10/18 normal foals was unexpected, as asymptomatic intussusceptions had not been previously reported in horses. Jejuno-jejunal intussusceptions are the most common type of intussusception in foals with abdominal pain, but intussusceptions are reported to uniformly require surgical correction in horses. 27, 28, 37 Dysrhythmic peristaltic activity has been proposed as the cause of intussusception in horses and people. Asymptomatic small bowel intussusceptions occur in humans and dogs and can resolve spontaneously (up to 20% in people 38 and 8% in dogs 39 ), suggesting that this process might be underreported. 26, [38] [39] [40] Sonographic signs that have been associated with transient, nonclinical small intestinal intussusceptions are the absence of identifiable intestinal lesions, normal wall thickness, length of less than 3.5 cm, normal undilated proximal bowel, normal vascularity on color Doppler, respected layering, and the intussusception being compressible.
40, 41 We did not recognize pathologic lead points, increased wall thickness, or altered echogenicity in any of the asymptomatic intussusceptions we observed. Compressibility, length or mesenteric, and mural blood flow in the area of the intussusceptions were not evaluated. Stomach wall thickness was thinner in foals with intussusceptions when compared to those without an intussusception. We could speculate that delayed gastric emptying (caused or parallel to the intussusceptions) and consequent gastric wall stretching could cause this difference in thickness. However, the average difference between stomach wall thickness of 0.3 mm between foals with and without intussusceptions is unlikely to be clinically or diagnostically significant. The wall thickness of the intussuscipiens was 0.1-0.2 mm thinner than the lower end of the reference range for normal jejunal wall thickness in 4 cases and the average wall thickness of the intussuscipiens was less than the average jejunal wall thickness. Clinical intussusceptions in humans 41 are characterized by an increased thickness of both intussusceptum and intussuscipiens, and the marginal thinning observed in foals with asymptomatic intussusceptions is of uncertain relevance. No other differences in the sonographic variables compared were found in foals with or without intussusceptions. Though age was not significantly different between foals with or without intussusception, most (14/18) of the foals in this study were less than 24 hours of age and no foal was older than 5 days of age. It is possible that asymptomatic intussusceptions are a normal occurrence in foals of this age range because of initial development of gastrointestinal function and motility.
The study has several limitations. Large intestinal motility could not be evaluated and diagnostic color Doppler signals of mural blood flow could not be obtained. It is possible that different ultrasound equipment or equipment settings, or sedating the foals, might help in obtaining diagnostic color flow Doppler readings and this should be further investigated. The study design called for only partial examinations and the entire GI tract was not imaged. Serial sonographic examinations of the foals with intussusceptions were not performed to confirm that these were transient and how quickly they resolved, or whether they were dynamic and reoccurred. In addition, further investigation into the presence of asymptomatic intussusceptions in neonatal foals in the first few days of life is necessary. We only examined Standardbred foals and therefore conclusions might only be applicable to this breed. However, we are unaware of GI structural or functional traits specific to the Standardbred breed.
In conclusion, the sonographic characteristics of the GI tract of normal Standardbred neonates described here can be useful to clinicians evaluating ill foals and to researchers studying equine neonatal GI disease. Diagnostic images of mural blood flow using color flow Doppler could not be obtained with this technique in nonsedated foals. The intraobserver CV of the wall thickness was small and not significantly different in all cases. The interobserver variation was not significant for jejunum, colon, and cecum, but statistically significant for gastric and duodenal measurements. Asymptomatic small intestinal intussusceptions are frequent in normal Standardbred equine neonates and this should be considered when making treatment decisions in foals with intussusceptions. 
